We study the generation of correlated photon pairs and heralded single photons via strongly non-degenerate spontaneous four-wave mixing (SFWM) in a series of identical micro-/nano fibers (MNF). Joint spectral intensity of the biphoton field generated at the wavelength of about 880 nm and 1310 nm has been measured under excitation by 100 ps laser pulses demonstrating good agreement with the theoretical prediction. The measured zero-time second-order autocorrelation function was about 0.2 when the emission rate of the heralded photons was of 4 Hz. The MNFbased source perfectly matches standard single-mode fibers, which makes it compatible with the existing fiber communication networks. In addition, SFWM observation in a series of identical MNFs allows increasing generation rate of single photons via spatial multiplexing.
I. INTRODUCTION
Currently, much attention is being paid to developing non-classical light sources, such as those of single-photon and entangled two-photon states, which remains an important task in the field of quantum optical technologies [1, 2] . One of the promising approaches to the problem is the use of nonlinear optical effects. Indeed, spontaneous parametric down-conversion and spontaneous fourwave mixing (SFWM) have been widely used for generation of entangled photon pairs and heralded single photons [3] . In particular, significant experimental progress has been achieved in implementing SFWM-based fiber sources that perfectly match the existing fiber communication networks [4] [5] [6] [7] [8] [9] [10] [11] [12] . In this respect, tapered optical fibers or micro-/nano-fibers (MNF) seem to be very promising nonlinear materials [13] [14] [15] [16] [17] that have a number of unique features due to the small mode diameter, significant evanescent field, small weight and size. In particular, MNF can be used for optical sensing [18] , observation of nonlinear optical effects at very low pump power level (below 10 nW) [19] , manipulating single atoms [20] , and for efficient coupling between light and matter [21] . Subwavelength diameter of MNF allows one to construct miniature optical devices, which are characterized by small losses and low energy consumption, including miniature high-Q resonators [13] . Compared to the sources utilizing standard optical fibers, MNFs provide higher nonlinearity, which allows one to reduce the fiber length. In addition, the dispersion of a MNF can be tailored by controlling the fiber diameter, thereby separating spectra of SFWM and Raman scattering. At the same time, adiabatic fiber tapers are characterized by very small losses so that MNFs also perfectly match optical communication lines.
Generation of correlated two-photon and heralded * E-mail: anatoly.shukhin@mail.ru single-photon states via SFWM in a MNF has been studied recently in [22] [23] [24] . Correlated photon pairs were also generated in highly nonlinear chalcogenide tapered microwires [25] . In the present work, we demonstrate a broadband frequency-correlated photon pair source based on the strongly non-degenerate SFWM in a MNF. Compared to the previous experiments, we study joint spectral intensity of the biphoton field. In doing so, we observe SFWM in a series of identical MNFs, which can be used for increasing generation rate of heralded single photons via spatial multiplexing.
II. MICRO-/NANOFIBER FABRICATION
Subwavelength optical fibers with the cladding diameter less than ∼ 1 µm were made from the standard optical fibers (d core (Ge : SiO 2 ) = 10 µm, d cladding (SiO 2 ) = 125 µm) by using heating and stretching method [14] . MNF pulling setup is schematically shown in Fig. 1 While tapering, the optical fiber is fixed on two moving translation stages and placed in front of motionless flame of burning O 2 and H 2 mixture. The movement of the translators consists of two types: synchronous displacement relative to the flame (swing) that determines heating zone and displacement in opposite directions (stretching) that determines fiber stretching distance and correspondingly MNF region. These movements are determined by four parameters: swing speed, swing distance, stretching speed and stretching distance so that a required adiabatic MNF profile can be achieved [26] by adjusting them. As an example, an image of one of the fabricated MNFs is shown in Fig. 1(b) . To control the MNF fabrication process, we measured the fiber transmission coefficient as a function of time while MNF pulling ( Fig. 2(a) ). This dependence has three specific regions: 1) multi-mode losses region (50 − 70 s); 2) core mode cut-off region (70−290 s) and 3) single-mode losses region (290 − 350 s). The resulting transmission of all the fabricated MNFs at the wavelength of λ = 680 nm is measured to be T ≈ 99.6%.
SFWM is a third-order optical nonlinear process, whereby the nonlinear interaction occasionally leads to the annihilation of two photons of the pump field and the simultaneous creation of two photons, which are usually called signal and idler, with different (nondegenerate regime) or the same (degenerate regime) frequencies.
Due to isotropic symmetry of the nonlinear medium, created photons have the same polarization as those of the pump. The process of SFWM satisfies the following energy and phase-matching conditions:
where ω and k are the frequency and wave-vector, respectively, of the pump (p), signal (s) and idler (i) photons. We used pump radiation at the central wavelength of 1062 nm. With such pump, it is possible to observe strongly nondegenerate regime of SFWM so that the wavelength of the idler photon falls into the telecommunication band while that of the signal photon proves to be in the spectral range where detection efficiency is high enough. For this purpose, to fulfill conditions (1) and (2) , the MNF waist diameter should be about 900 nm. In addition, for high efficiency of SFWM to be achieved, MNFs with a long waist region are required. In the present work, a series of eleven MNFs has been fabricated with the waist diameter of D ≈ 890 ± 12 nm and the waist length of L ≈ 14 mm. The result of MNF characterization by SEM is shown in Fig. 2(b) . The fabricated MNFs have been sealed inside the plastic box to protect them from the dust. 
III. SFWM IN AN OPTICAL MICRO-/NANOFIBER

A. Theory
A two-photon (biphoton) state of SFWM field generated in a MNF can be calculated in the first-order perturbation theory of quantum mechanics [27] . Under this approach, the state vector of the biphoton field for a MNF of a variable cross-section can be written as follows:
where |0 corresponds to the vacuum state of the electromagnetic field, A is a constant proportional to the nonlinearity of the fiber material, a † mn (ω) is the photon creation operator in a fiber spatial mode with the distribution u mn (ρ), |u(ρ)| 2 d 2 ρ = 1, d 2 ρ = dxdy, and frequency ω,
is the joint spectral amplitude (JSA), which is proportional to the phase-matching function,
and the pump function, I(ω s , ω i ), that has the form of convolution of the pump field spectral amplitude,
Here, following [28] , the MNF is divided by the N crosssections of the length l each, so that the total phasematching function is the sum of those calculated for the each cross-section. In doing so,
is the overlap integral between the four interacting modes that is calculated over qth MNF cross-section,
is the wave vector mismatch for qth MNF cross-section, k q (ω) = ωn ef f,q (ω)/c, n ef f,q (ω) is the effective refractive index,
is the spectral amplitude of the pump field, which corresponds to a Gaussian pulse with the duration of τ p = 2 √ ln 2/σ. Eq. (5) is written for the case of a MNF with a variable waist diameter, which generalizes results obtained in [27] for a MNF of a constant diameter. It should be noted that each cross-section is characterized by its own diameter, overlap integral, wave vector mismatch, and additional phase (the second exponent in Eq. (5)) acquired by light due to the propagation through the rest of the cross-sections.
Due to the small diameter of the MNF, the average value of the overlap integral (7) in our case is equal to 1 · 10 12 m −2 for a MNF waist diameter of 890 nm, which is larger than that for a standard optical fiber by two orders of magnitude. The phase-matching function (5) is calculated taking into account the measured profile of the fabricated MNFs ( Fig. 2(b) ). The squared absolute value of this function shown in Fig. 3 (a) describes probability density of the photon pair generation as a function of the wavelengths in the limit of an infinitely broad pump field. Fig. 3(b) shows the spectral function (7) corresponding to the pump field. As such, we used the radiation of a pulsed laser consisting of the Fianium master oscillator and the ytterbium-doped fiber-based amplifier (central wavelength 1062 nm, pulse width 100 ps, pulse repetition rate 18 MHz). Since the pump pulses are not bandwidthlimited, the spectral width of the pump field is about 2 nm in our case (instead of 10 −3 nm for bandwidthlimited-100 ps pulses). Multiplication of the spectral pump function and phase-matching function corresponds to the JSA of the biphoton field (5) . Square of the module of this function (joint spectral intensity) is shown in Fig. 3(c) . From this figure we can see that there is an opportunity of photon pair generation in the non-degenerate regime, where the idler photons are generated in the telecommunication Oband, while the signal ones are generated in the spectral range that is close to the visible light where detection efficiency is high enough.
Joint spectral intensity (JSI) reveals the most important spectral properties of the biphoton field. Particularly, besides the spectral width and central wavelength of the generated photons, it allows one to analyze frequency correlations, which is important for heralded preparation of single-photon states [29, 30] . Thus, measuring JSI for a fabricated MNF is important step for characterization of the nonclassical light source.
B. Experiment
The experimental setup is schematically shown in Fig. 4 . The pump field passed through a laser line fil- PL is the pump laser, M is the mirror, LLF is the laser line filter, NF is the notch filter, DM is the dichroic mirror, IF is the interference filter, FC is the free space to fiber coupler, SPD is the single-photon detector, CC is the coincidence counter ter (LLF) and was focused with a lens into the tapered single-mode fibers. To cut off the pump field radiation after the fiber we used four notch filters (NF) with 40 dB attenuation of each at the pump wavelength. The biphoton field generated in the MNF at the wavelengths about 880 nm (signal) and 1310 nm (idler) was divided by using a dichroic mirror (DM). Idler photons have been filtered by using a coarse wavelength division multiplexing unit (CWDM) which has 18 by pass channels covering spectral range from 1270 nm to 1610 nm with 20-nm bandwidth (FWHM) of each. After passing through one of these channels, idler photons went to the IR range singlephoton detector SPD-2 (ID210, ID Quantique). Signal photons have been filtered by using an interference filter (IF) with the central wavelength of 880 nm and the bandwidth of 40 nm. After passing through the filter signal photons went to the visible range single-photon detector SPD-1 (SPCM-AQRH, Perkin-Elmer). The detection quantum efficiencies of SPD-1 and SPD-2 are about 40% and 12% at the signal and idler wavelengths, respectively. Signals from the both SPDs have been compared on a coincidence counter CC (id800, ID Quantique) with the time resolution of 81 ps. It should be noted that the total attenuation of the pump was equal to −220 dB in the signal channel and −200 dB in the idler channel.
The photo-counts in both channels may be caused not only by SFWM, but also by Raman scattering of the pump field. To distinguish these contributions, we measured the single count rate in the signal channel as a function of the average pump power (Fig. 5 ) and fitted it by the second-order polynomial function D + aP 2 + bP . Quadratic term in this function corresponds to the contribution of the photons created via SFWM, while the linear one represents Raman scattering [22, 23] . The former proves to be close enough to the experimental points, which is the evidence of the high contribution of the SFWM signal. We also measured the single count rate in the idler channel as a function of the wavelength by using CWDM (Fig. 6 ). Two peaks of intensity are observed at the wavelength of 1450 nm and 1610 nm. However, as will be shown below, the coincidence count rate demonstrates no signals for these CWDM channels, but only for the range of 1270 − 1350 nm. Moreover, the photo-count rate in the idler channel depends linearly on the pump power, so that we can conclude that most of the photons in the idler channel appear due to the linear optical effects such as spontaneous Raman scattering. In particular, the intensity peak in the region of 1400 − 1450 nm is the 5th-order Stokes line of Raman scattering in silica [31] , while the peak around 1600 nm is interprited as an unidentified line [22] . Fig. 7 represents the normalized coincidence count rate as a function of the time delay between the signal and idler photons. The peak at the zero delay time corresponds to the strong temporal correlation between the photon detection events, which proves the two-photon nature of the generated light. The peak coincidence count rate and the accidental coincidence count rate as functions of the average pump power are shown in Fig. 8 . The observed quadratic dependence for the peak coincidence count rate reveals high signal-to-noise ratio.
The use of the variable spectral filtering in the signal and idler channels allowed us to measure the JSI of the biphoton field. For spectral photon selection we used a diffraction grating (100 lines/mm) in the signal channel (instead of 880-nm interference filter) and the CWDM unit in the idler channel. By changing CWDM channels and rotating the diffraction grating we plotted the whole JSI function distribution in the experimentally accessible spectral range ( Fig. 9(a) ). The resolution of the measurement was of 20 nm in the idler field and 1.5 nm in the signal field. Numerically calculated JSI demonstrates good agreement between the theory and experiment ( Fig. 9(b) ). We also measured the JSI in different micro-/nanofibers and got approximately the same position of its peak. Comparing the measured JSIs with numerically calculated one allows us to estimate the diameter of the MNFs with accuracy of 3 nm. As a result, the waist diameter of all the MNFs lays within the 890 ± 12 nm region, as should be expected.
Following the papers [27, 32] , we calculated the photon pair generation efficiency η for our MNFs and obtained η = 7 · 10 −10 which gives the internal photon pair generation rate of R internal = 3 · 10 6 pairs per second. The latter was found from the conversion efficiency by taking into account the number of photons in the pump pulse The fact of simultaneous pair creation via SFWM, allows one to use the source of correlated photon pairs for heralded single-photon generation, in which one photon from the pair is detected to herald the other. To study our source as a heralded single-photon one, we place a 50/50 beam splitter in the signal (heralded) channel ( Fig. 10) and measured heralded auto-correlation histogram (Fig. 11 ). The photon pairs (and therefore single photons) are created at random times and with a low probability due to the spontaneous third-order nonlinear process. The heralded photo-detection events are therefore absolutely random and rare in comparison with the coincidence window. The latter was set to be of 810 ps for covering the jitter of the detection system. For this reason, the measuring of the second-order autocorrelation function, where the argument is the time delay between two heralded photons, is not possible. Instead, following technique suggested in [33] and widely used for single-photon sources characterisation [34] [35] [36] [37] [38] , we measured heralded auto-correlation histogram, where the argument is the number of heralding photons between the nearest heralded ones detected either by SPD-1 or SPD-2. This technique allows one to reduce the long time intervals between heralded photons but preserves all the probabilities of single-photon and many-photon events. Experimentally, from the coincidence counting system we get the sequences t1, t2, and t3 of the time tags of the photons detected by SPD-1, SPD-2 and SPD-3, respectively. By analysing these time tags, we obtained the histogram shown in Fig. 11 . The anti-bunching drop at zero point indicates clearly the quantum behavior of the signal field and its single-photon statistics. For the average pump power of 118 mW and generation rate of 4 Hz, the value of zero-time second-order auto-correlation function (which is the same as the value of the zero-point autocorrelation histogram) is observed to be g In this work, we have fabricated a bunch of identical 14 mm long low-loss micro-/nanofibers and have studied spontaneous four-wave mixing in them by measuring coincidence counting rate as a function of the pump power and the wavelength of the generated photons. The measured joint spectral intensity of the biphoton field agrees well with the theoretically expected distribution. We also measured anti-bunching for the signal field, which is the evidence of its single-photon nature. The high transmittance of the fabricated MNFs potentially allows one to significantly increase the photon pair conversion efficiency by making an all-fiber resonator using, e.g., two Bragg gratings enclosing the nanofiber waist [17] .
